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Abstract 
Helical nanofibres play key roles in many biological processes. Entanglements between 
helices can aid gelation by producing thick, interconnected fibres — for example the strain-
stiffening of fibrin, actin and collagen under tension — but the details of this process are 
poorly understood. Herein we describe the assembly of an achiral oligo(urea) 
peptidomimetic compound into supramolecular helices. Aggregation of adjacent helices 
leads to the formation of fibrils, which further intertwine to produce high-fidelity braids with 
periodic crossing patterns. A braid-theory analysis suggests that braiding is governed by 
rigid topological constraints, and that branching occurs due to crossing defects in the 
developing braids. Mixed-chirality helices assemble into relatively complex, odd-stranded 
braids, but can also form helical bundles by undergoing inversions of chirality. The 
oligo(urea) assemblies are also highly sensitive to chiral amplification, proposed to occur 
through a majority rules mechanism — trace chiral materials can promote the formation of 
gels containing only homochiral helices. 
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Many small-molecule gels consist of fibrous nanostructures comprising 
anisotropic supramolecular motifs, such as hydrogen bonded tapes of ureas and 
amides1 or tubular micelles of amphiphilic species2. These interactions can be 
targeted by rational design of the gelator structure. However, it is often interactions 
between fibres that dictate the appearance and mechanical properties of a fibrous 
gel3-5. For example, helical bundles of some amyloid fibrils favour left-handed 
morphologies6 but this chirality may be inverted if separate left-handed bundles are 
intertwined7. Entanglement of fibres can alter the optical characteristics of a 
material8,9 and is responsible for many useful mechanical phenomena, such as the 
strain-stiffening of fibrin, actin and collagen under tension10-13. Moreover, defects in 
the crossing patterns of entangled fibrils give rise to nodes or branch points14, 
increasing the connectivity of the fibre network and stiffness of the resulting gel15. 
Twisted fibrils tend to be morphologically uniform16 and are thus well-suited to 
the formation of clearly defined entanglements17. Helical bundles are particularly 
favoured because they are topologically trivial, allowing strands to be added or 
removed without threading the free ends18. More permanent connections, 
analogous to the mechanical bonds of catenanes, rotaxanes and molecular 
knots19,20, arise when fibrils self-assemble into braided networks21-25. Braids, also 
known as plaits and sinnets, are an important component of ropes, decorative 
structures and other man-made objects26, but rarely occur in natural materials. 
Indeed, while biopolymers such as DNA and proteins can exhibit various knotted 
geometries, these are always produced by threading and linking the ends of helical 
bundles27-29. To the best of our knowledge, braiding has not been observed in 
materials other than molecular crystals, despite extensive research into self-
assembled colloidal nanostructures30-32. 
Gels based on Low Molecular Weight Gelators (LMWGs) with biomimetic 
functionalities are a promising source of braided assemblies. Urea-containing 
LMWGs are of particular interest as they can be readily prepared from a variety of 
starting materials, and frequently self-assemble into continuous hydrogen-bonding 
arrays known as α-tape motifs. In an α-tape, each urea NH group donates to the 
carbonyl oxygen atom of the next molecule to form a linear chain of hydrogen 
bonds33,34. The resulting assemblies resemble peptide-based architectures, such as 
helical foldamers35,36 and lamellar β-sheet assemblies37-39, but are often more 
robust, predictable, and tolerant to changes in gelator structure. Mono(urea) and 
bis(urea) gelators have been investigated for use in catalysis40, chemical sensing41 
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and crystal growth42,43. However, there have been relatively few studies focussing 
on the self-assembly of oligo(urea)s44-47. 
In this study, braids with nanoscale dimensions were prepared via the self-
assembly of an achiral oligo(urea). The aim of the investigation was to determine 
how helix chirality influences the topology of a braid, defined as the crossing pattern 
of strands, and the connectivity of the gel fibre network. Braid theory48 was used to 
explain the feasibility of braiding, identify the most favoured braid topologies and 
rationalise differences between homochiral and heterochiral helix interactions. 
Furthermore, gels comprising only right-handed helices were produced via a chiral 
amplification method, allowing the microstructural effects of fibril handedness to be 
directly visualised. 
Results and discussion 
Self-assembly behaviour 
Compounds with one or two urea groups may self-assemble into twisted 
fibrils49,50, but these are usually wider and less uniform than peptide-based 
structures. We hypothesised that oligo(urea)s would access conformations 
comparable to those of oligopeptides and generate structures with more biomimetic 
morphologies 51,52. To investigate the effect of oligo(urea) length on the self-
assembly outcome, carbonyl diimidazole (CDI) coupling reactions53 were used to 
synthesise a tris(urea) 1 and pentakis(urea) 2 containing the same repeat unit. We 
observed that competitive pyridyl-urea interactions can disrupt the α-tape motifs of 
bis(urea) compounds54-56, so incorporated pyridyl end groups to promote fibrous 
aggregates over three-dimensional hydrogen bonding networks. The compounds 
were found to be insoluble in most organic solvents, including the polar liquids 
benzyl alcohol, cyclohexanone, pyridine and acetic acid. However, both 1 and 2 
dissolve in hot DMF, with ambient solubility limits of 1.0 and 0.2% (w/v), 
respectively. Aggregates were obtained by cooling the supersaturated solutions to 
room temperature and analysed by scanning electron microscopy (SEM) after 
drying in air.  
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Compound 1 precipitates from DMF on standing, forming flat sheets of variable 
width and a typical thickness of 200-250 nm (Fig. 1a). Similar ribbons, 100-150 nm 
in width, are also observed in aggregates of compound 2, suggesting that the 
molecules follow a common self-assembly mechanism. However, cooling a hot 
supersaturated DMF solution of 2 results in a weak gel comprising unbranched, 
highly entangled helical fibrils (Fig. 1b). Larger ribbon-shaped aggregates occur 
alongside the fibrils at all tested concentrations but represent only a small fraction of 
the materials, spanning less than 10% of the area of SEM micrographs 
(Supplementary Information Section 4). It is concluded that compound 2 favours an 
alternative self-assembly pathway that is inaccessible to the shorter, less flexible 
tris(urea) analogue. 
SEM images reveal that fibrils of 2 are relatively narrow, with diameters 
approximately four times the length of the extended molecule. However, fibrils of 
like chirality frequently intertwine to form helical bundles with an estimated 
maximum size of 10-13 fibrils, corresponding to an overall fibre thickness of 25-30 
nm. In addition, there are many examples of flat braided structures, which may 
exhibit complex arrangements of more than a dozen helices (Fig. 1c). The braids 
involve co-aligned fibrils, with equal numbers of strands entering and leaving each 
assembly. Most braids are relatively short, splitting and recombining at pseudo-
permanent branch points to produce the sample-spanning network necessary for 
gelation. 
Gels of 2 form over a range of concentrations. A 0.5% (w/v) gel forms over 
several hours, but gelation time increases to one week at the critical gelator 
concentration (CGC) of 0.2% (w/v). Precise rheological testing is made difficult by 
partial breakdown of the gels when they are transferred by spatula onto the 
rheometer stage. Nonetheless, the gels consistently display a typical viscoelastic 
response to oscillatory shear57, with G′ exceeding G″ by an order of magnitude (Fig. 
1d) and remaining approximately constant over a range of frequencies 
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(Supplementary Information Section 8). The materials possess yield stresses less 
than 10 Pa and become visibly weaker with decreasing concentration (Fig. 1e,f), 
although their mechanical sensitivity prevents this variation from being reliably 
measured. The weakness and transparency of the gels may be attributed to the 
narrow diameters, low concentration and limited connectivity of the fibre network. 
 
Figure 1. SEM micrographs and rheological properties of oligo(urea) aggregates 
from DMF. a,b, morphologies of the sheet-like structures formed by compounds 1 (a) and 
of the gel formed by compound 2, which comprises twisted fibrils and wider ribbons (b). c, 
the fibrils formed by 2 entangle to form helical bundles and a variety of flat braids. d-f, 
mechanical properties of the gel of 2 (d). The response of a 0.3% (w/v) gel to varying 
shear is characteristic of a weak viscoelastic material. A 0.4% (w/v) gel passes the 
inversion test (e) but a 0.2% (w/v) gel is substantially weaker (f). 
Helical fibrils of 2 display moderately uniform morphologies. In dried 0.3% (w/v) 
gels, vertical displacement profiles from atomic force microscopy (AFM) reveal a 
minimum fibril thickness of 2.0-2.5 nm and helical pitch of 35-40 nm (Fig. 3a,b). 
These findings are supported by transmission electron microscopy (TEM) images of 
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comparable samples, which suggest fibrils consist of single helicoids, or twisted 
ribbons, with diameters of 16-18 nm (Fig. 2c). Pixel intensities along 12 fibril axes 
were fitted to sine functions with an average pitch of 41 nm and a large standard 
deviation of 6 nm, indicating that the oligo(urea) assemblies are easily deformed 
(Supplementary Information Section 5). This flexibility or structural disorder is 
common among helical aggregates and likely aids the formation of entanglements, 
which require helical grooves that can widen to accommodate partner fibrils17. 
Powder X-ray diffraction (PXRD) studies suggest that aggregates of 1 and 2 
display similar lamellar structures, with d-spacings of 26.2 ± 0.2 and 46.5 ± 0.5 Å, 
respectively (Supplementary Information Section 7). For both materials, the d-
spacing is comparable to the length of one extended oligo(urea) molecule. 
Reflections at 2θ = 18.8-19.7o correspond to a d-spacing of 4.5-4.7 Å, matching the 
urea-urea distance in a typical α-tape34. The results are consistent with the plate-
like microstructure of 1. However, SEM images suggest that gels of 2 mostly consist 
of helical fibrils. These fibrils cannot be responsible for the measured reflections, as 
the calculated layer spacing is more than double the ribbon thickness measured in 
AFM experiments. Thus, the reflections are likely attributable to the minor 
component of flat ribbons visible in SEM images. Although these aggregates are not 
clearly detectable by AFM and TEM, this discrepancy likely results from the poor 
contrast of AFM, the inability of TEM to resolve thick nanostructures, and the need 
in both techniques to focus on highly dispersed sample regions. 
To better understand the self-assembly pathways of 2, atomistic molecular 
dynamics (MD) simulations of model assemblies were performed in Gromacs58 
using the General Amber Force Field59 (Supplementary Information Section 11). 
Similar simulations have been used to probe the structures of nanotubes, bilayers 
and protein aggregates60-63, and were recently exploited by our group to rationalise 
the scrolling behaviour of bis(urea) assemblies64. We noted that twisted ribbons are 
4-5 times wider than the length of a gelator molecule, and likely exhibit symmetrical 
faces given the similarity of consecutive helix grooves. The simplest model 
satisfying these conditions is a layer comprising six one-dimensional arrays of 
hydrogen-bonded molecules, with a helical pitch of 40 nm (Fig. 2d) and no 
intramolecular hydrogen bonds65. Fibrils comprising up to four such layers were 
simulated for 2.5 ns, as the hydrogen bond population and helicoid morphology 
converged within this time. 
 7 
Helical structures often display highly uniform morphologies, representing an 
optimal compromise between surface energy and elastic strain16. Simulations of the 
oligo(urea) helices in a vacuum at 293 K reveal that layering has little effect on 
hydrogen bonding: there are approximately 1.3 hydrogen bonds per carbonyl and 
0.15 per pyridyl group in all simulations. However, two- and three-layer fibrils 
deviate greatly from the observed morphology, while a four-layer structure retains 
its shape and reproduces the measured ribbon thickness (Fig. 2e,f). The rows of 
hydrogen-bonded oligo(urea)s in our model resemble the β-sheets found in peptide 
fibrils51,52, and the four-layer structure matches that of morphologically similar 
amyloid fibrils66. We hope that insights gained in this study could therefore aid our 
understanding of protein aggregation, which plays a central role in many important 
biological processes. 
 
Figure 2. Observed and simulated geometry of twisted ribbons in gels of 2. a-c, 
AFM images shown in (a) suggest that the fibrils have a moderately uniform pitch, as 
indicated by the height map along the helical fibre between points labelled A and B (b). 
Thethickness of a fibril is equivalent to half a gelator molecule, as indicated in the height 
map between points C and D (c). d, TEM micrographs confirm that fibrils consist of single 
ribbons with a helicoid geometry. e,f ball and stick representation of the structure of 
compound 2, derived from molecular dynamics simulations, showing that the proposed 
fibril structure consists of layers of oligo(urea) molecules, which lie parallel to the lamellar 
plane and form six parallel 1D hydrogen-bonded tapes (e). Oxygen is shown in red, 
nitrogen in blue, carbon in grey, and hydrogen in pale grey. The final frame of a 2.5 ns 
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simulation is shown as an orthographic projection (f), with the two carbonyl oxygen atoms 
marked with asterisks (e) displayed in red for clarity. The simulations indicate that four 
layers are required to produce a stable helicoid with the observed pitch and ribbon 
thickness.  
Helix braiding 
The periodic crossing patterns displayed by braided fibrils of 2 resemble two-
dimensional colloidal crystals67. However, every crossing in a braid may be 
promoted or disfavoured by crossings already formed, making the process of braid 
formation analogous to an intramolecular chemical reaction. Furthermore, defects 
should be common given that new crossings prevent the removal or alteration of 
earlier entanglements. The ability of helices to form well-defined braids despite 
these constraints suggests that crossing patterns are tightly controlled by 
interhelical interactions68. The defect frequency determines the gel mesh size, as 
fibrils incorrectly integrated into developing braids produce branch points in the 
resulting fibre network69. Since braid crossings, like mechanical bonds, are 
topologically fixed, the resulting branch points behave as permanent junctions and 
the variability in branching density may be gauged from SEM images of dried gels 
(Fig. 3). 
To better understand the braiding process, it is necessary to catalogue the 
observed braid topologies, defined by crossing patterns of fibrils. While 
mathematical techniques from knot theory have been applied to molecular knots 
and links19,70, these analyses have not been extended to the few braids identified in 
crystallographic studies21-25. In braid theory, a braid is represented by parallel 
strands that cross under or over their neighbours48. A letter indicates which strands 
are crossed, with the case denoting whether the handedness of the crossing. For 
example, a crossing between the first and second strands is labelled a if the right 
strand passes over the left and A otherwise. The braid word is a series of letters 
listing the crossings in the repeat unit. Right-handed triple helices have the braid 
word (ab)3, and (aB)3 describes a three-stranded Brunnian braid, which resembles a 
Borromean link in that it converts to separate, non-entangled strands if any strand is 
removed23,24. It should be noted that most braids have several braid words, as 
certain groups of crossings can be rearranged without breaking or removing 
strands. 
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Figure 3. SEM images illustrating branching of gel fibres due to braiding 
defects. a, SEM image of a single 3-stranded braid showing a defect in which the 
braid separates into separate fibrils. This defect results in a branch point, increasing 
the branching density in the gel. b, SEM image showing that the separation of 
branch points in dried gel samples is highly variable. 
Most braids in gels of 2 are simple and symmetrical. Helical bundles are the 
most common structures and invariably share the handedness of the constituent 
fibrils, as expected for assemblies of near-parallel helices71. However, flat braids of 
three or more strands also arise and often incorporate heterochiral fibrils. Based on 
these observations, we hypothesise that braiding is controlled by three rigid 
topological constraints. Firstly, the simplest braid word must contain an equal 
number of crossings for each strand (Rule 1). Secondly, crossings must be 
uniformly spaced and equivalent for all strands, to avoid variations in helical pitch 
(Rule 2). Finally, two right-handed fibrils winding around each other must form only 
right-handed crossings, and pairs of left-handed must do the opposite (Rule 3). A 
consequence of Rule 3 is that pairs of heterochiral fibrils must form crossings of 
alternating handedness, such that one fibril always lies above the other (Fig. 4a). 
Topological constraints limit the possible braiding outcomes. Double helices are 
the only feasible two-stranded structures, and three fibrils must form triple helices or 
Brunnian braids. For four strands, an exhaustive survey reveals 354 braid words 
with uniformly spaced crossings, but only four structures can incorporate 
topologically equivalent helices (Supplementary Information Section 10). These are 
the quadruple helix, two nested arrays of homochiral double helices, and a similar 
arrangement of heterochiral double helices. The corresponding braid words are 
(abc)4, (abC)4, (aBcaBcabCAbc) and (abCAbcABcaBC), respectively. It should be 
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noted that homochiral and heterochiral fibrils pack differently at crossings72. Thus, 
fibrils that are topologically equivalent, displaying the same crossing sequences, are 
not always geometrically equivalent, and braids sharing a braid word may differ in 
stability.  
Samples of 20 separate oligo(urea) gels, with gelator concentrations between 
0.2 and 0.5% (w/v), were imaged by SEM over three regions several hundred 
micrometres apart. The images reveal a small number of distinct braid topologies 
(Fig. 4b-e), with no clear variation between gels of differing concentration. Visual 
assignment of braid topologies is generally difficult, but simple braids can be 
categorised by counting the fibrils and matching crossings to candidate structures. 
While entanglements between homochiral fibrils usually produce double helices and 
larger helical bundles, flat braids are also common. Three-stranded Brunnian braids 
account for the majority of flat braids and are observed to form from both 
homochiral and mixed-chirality fibrils. In addition, examples of nested homochiral 
double helices, though similar in appearance to three-stranded braids, have been 
tentatively identified. 
The categorised braids were all highlighted as feasible structures by our braid 
theory analysis. For every structure observed, the braid word comprises N 
repetitions of (N-1) crossings. Simple braids may be favoured because new 
crossings are pre-organised by crossings immediately surrounding them, which 
encode too little information to template a complex braiding pattern. Interestingly, 
braids of this type cannot be Brunnian if they contain an even number of fibrils. 
Thus, for a large Brunnian braid to arise, an odd-stranded braid must merge with an 
even-stranded braid comprising homochiral fibrils. This constraint limits the potential 
for large flat braids and makes defect formation more probable. 
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Figure 4 SEM micrographs of braid topologies observed in gels of 2. a, 
cartoon diagrams showing two-stranded entanglements and their corresponding 
braid words. The braid word describes which the pattern of crossings in the repeat 
unit, which must conform to certain topological constraints. b,c, commonly observed 
entanglements in gels of 2, double helices (b) and larger helical bundles (c). d,e, 
three and four-stranded entanglements observed in gels of 2, three-strand Brunnian 
braids (d) and tentative examples of nested homochiral double helices (e).  
Chiral amplification 
Interactions between helical fibrils strongly depend on their supramolecular 
chirality73,74. SEM images show that helical bundles cannot contain both left- and 
right-handed fibrils of 2, as heterochiral helices diverge from each other after 
crossings arise (Fig. 5a). Remarkably, however, inversions of chirality can occur, 
allowing fibrils to become entangled regardless of their original handedness (Fig. 
5b). Similar inversions in flat braids have not been resolved but may be necessary 
to optimise intercalation of helix ridges and grooves. It is clear that molecules of 2 
can switch between two enantiomorphic arrangements7,75, with an activation barrier 
surmountable by small changes in the fibril environment. 
The handedness of the helices is also responsive to chiral additives. As an 
achiral LMWG, compound 2 typically forms gels containing an equal mixture of left- 
and right-handed fibrils. However, SEM images of four samples (Fig. 5c) indicate 
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that exclusively right-handed fibrils form if the hot precursor sol is filtered through 
cotton wool, a chiral natural product consisting predominantly of the D-glucose 
polymer cellulose. Circular dichroism (CD) spectra of these gels confirm the 
presence of net chirality, displaying a weak signal at 315 nm (Fig. 5d). The spectra 
provide strong evidence that the filtering treatment biases the formation of right-
handed fibrils, as the signal does not appear in the spectra of two untreated gels or 
a treated sample of pure DMF (Supplementary Information Section 9). Linear 
dichroism (LD) effects76 can be discounted given the absence of signals in control 
samples and the corroborating evidence of SEM images. 
Several processes can induce symmetry breaking in achiral materials. 
Homochiral aggregates may develop from small populations of primary nuclei or 
through secondary nucleation by chiral impurities77. Alternatively, direct interactions 
with chiral materials may cause nascent aggregates to favour one enantiomorph78. 
These possibilities are inconsistent with the behaviour of gelator 2. Non-stochastic 
primary nucleation is unlikely given that only gels produced from filtered sols show 
chiral amplification and gels with only left-handed fibrils are never observed. No 
chiral reagents are used when synthesising 2 and direct nucleation by the cotton 
wool filter must be minor since the gelation rate is little affected. Moreover, the 
absence of cotton fibres in SEM images of the gels suggests they are too sparsely 
distributed to significantly interact with growing fibrils. 
 A final possibility is that fibrils self-assemble in a cooperative fashion. A small 
bias of right-handed helices introduced by filtering could be amplified if these fibrils 
act as secondary nuclei79,80 or invert neighbouring left-handed assemblies. Given 
that contact between non-entangled heterochiral helices does not affect their 
handedness, this process probably requires the entanglement of fibrils, as observed 
in SEM images (Fig. 5b). Each helix can entangle multiple fibrils to produce a 
cascade of inversion events, such that even a trace initial chiral bias can completely 
eliminate the minor enantiomorph81,82. This Majority Rules effect resembles the 
propagation of prion proteins, which are thought to replicate exponentially via 
separation of fibril bundles83,84. A similar mechanism could also account for the 
emergence of net chirality in early biological systems85. While speculative, the 
proposed mechanism of chiral amplification is consistent with the existence of multi-
stranded braids. If braid crossings form through random collisions between fibrils, 
entanglements between three or more fibrils at a single point should be highly 
unlikely. Thus, it is suggested that fibrils bind together at an early stage of growth, 
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possibly as part of the nucleation process (Supplementary Information Section 9). A 
major aim of our ongoing research is to test this hypothesis by exploring the effect 
of seeding and other initial conditions on the aggregation outcome. 
 
Figure 5 Chiral amplification of oligo(urea) fibrils. a-c, SEM images showing 
the dependence of entanglement on fibril chirality. Pairs of heterochiral helices 
cannot become entangled (a) unless one fibril undergoes a change in handedness 
as occurs in (b). c, SEM image showing the exclusive formation of right-handed 
helices through the helix inversion mechanism which promoted by trace chiral 
impurities in sols of 2. d, Circular dichroism spectra of the gels, which show a net 
CD signal when exposed to cotton wool before gelation  but no significant signal 
when untreated with cotton wool. In the absence of gelator the DMF solvent does 
not show a CD signal even when filtered through cotton wool. 
Rheological fine-tuning of biomaterials involves the regulation of helix-helix 
interactions, and it is possible for synthetic materials to be similarly engineered86,87. 
For example, shear moduli for gels of semi-flexible helical polymers rise non-linearly 
with fibre thickness and persistence length11,13. Since they cannot form cylindrical 
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bundles, mixed-chirality fibrils tend to form flatter braids, which are also likely to be 
shorter, narrower and less abundant. Thus, the resulting gels are predicted to be 
less stiff than gels containing only homochiral braids. Rheological properties do not 
markedly differ between homochiral and mixed-chirality gels of 2, but this could be 
attributed to their low yield strengths and variable concentrations of larger, 
untwisted ribbons. Future work will focus on developing more soluble oligo(urea)s to 
produce stronger and more uniform gels, in which the effects of braiding and gelator 
loading can be quantitatively tested. 
Conclusion 
Helical fibrils in gels of pentakis(urea) 2 form high-fidelity braids with repeated 
crossing patterns due to the topological constraints governing interhelical 
interactions. Braid theory has been used to rationalise the dominant patterns of fibre 
entanglements and highlight rules applicable to other networks of helical fibrils. It 
has been demonstrated that braids of mixed-chirality helices form more varied 
arrangements of crossings but may also undergo inversions of chirality to generate 
simple helical bundles. Building on this observation, we have shown that the 
oligo(urea) assemblies are highly sensitive to chiral amplification, giving rise to 
helices of a single handedness if the precursor sols are filtered through a chiral 
material. We hope that these insights will aid our understanding of biological helical 
fibrils and the development of supramolecular gels with biomimetic properties. 
Methods 
Details of the synthesis of 1 and 2 and associated characterisation data along 
with spectroscopic, microscopic and computational methods are given in the 
Supplementary Information. 
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Summary for Table of Contents 
Helical structures play important roles in biological processes, yet their aggregation into 
fibres — which can in turn form gels — is poorly understood. Now, the self-assembly of a 
linear pentakis(urea) into helices that further intertwine into well-defined braided structures 
has been described and analysed through braid theory. Homochiral gels may be formed 
by exposing the precursor sol to a chiral material. 
